The key empirical property of the X-ray emission from O stars is a strong correlation between the bolometric and X-ray luminosities. In the framework of the Chandra Carina Complex Project, 129 O and B stars have been detected as X-ray sources; 78 of those, all with spectral type earlier than B3, have enough counts for at least a rough X-ray spectral characterization. This leads to an estimate of the L X − L BOL ratio for an exceptional number of 60 O stars belonging to the same region and triples the number of Carina massive stars studied spectroscopically in X-rays. The derived log(L X /L BOL ) is −7.26 for single objects, with a dispersion of only 0.21 dex. Using the properties of hot massive stars listed in the literature, we compare the X-ray luminosities of different types of objects. In the case of O stars, the L X − L BOL ratios are similar for bright and faint objects, as well as for stars of different luminosity classes or spectral types. Binaries appear only slightly harder and slightly more luminous in X-rays than single objects; the differences are not formally significant (at the 1% level), except for the L X − L BOL ratio in the medium (1.0-2.5 keV) energy band. Weak-wind objects have similar X-ray luminosities but they display slightly softer spectra compared to "normal" O stars with the same bolometric luminosity. Discarding three overluminous objects, we find a very shallow trend of harder emission in brighter objects. The properties of the few B stars bright enough to yield some spectral information appear to be different overall (constant X-ray luminosities, harder spectra), hinting that another mechanism for producing X-rays, besides wind shocks, might be at work. However, it must be stressed that the earliest and X-ray brightest amongst these few detected objects are similar to the latest O stars, suggesting a possibly smooth transition between the two processes.
INTRODUCTION
The existence of X-ray emission from hot, massive stars was predicted three decades ago by Cassinelli & Olson (1979) and it was serendipitously discovered at the same time during early observations by the Einstein satellite; massive O stars in the Carina Nebula were among the first detections (Seward et al. 1979) . It was immediately found that the X-ray emission of these O stars was proportional to their optical luminosity . The relation was then refined to be proportional to their bolometric luminosity (Pallavicini et al. 1981 ; as the first observations dealt with stars of similar types and reddening, both relations were equivalent). X-rays are now thought to be generated in wind shocks and, as the winds are line-driven, it may seem quite natural that a relationship between X-ray and bolometric luminosities exists. However, the theoretical derivation of this relationship is not obvious: Owocki & Cohen (1999) showed that, while the X-ray luminosity "naturally" scales with the wind density parameterṀ /v ∞ , it only scales with the bolometric luminosity if there is "a delicate balance between X-ray emission and absorption" and "a special form for the radial distribution of wind shocks". A better knowledge of this relationship may thus yield a better understanding of the X-ray emission of O stars. Finally, Einstein observations also showed that the detection rate of B stars was much lower than that of O stars (Grillo et al. 1992) .
The X-ray properties of O and B stars were constrained more accurately by Berghöfer et al. (1997) using the ROSAT All-Sky Survey (RASS). Using 237 detections, Berghöfer et al. confirmed the decline in the detection rate towards later spectral types (all stars with type O7 or earlier were detected as X-ray sources, while at most 10% of B3-B9 stars were detected). This fact, correlated with a higher incidence of variability and binarity among the latest types, led to the conclusion that low-mass pre-main sequence (PMS) companions could be responsible for the X-ray emission of late-B stars. Berghöfer et al. also confirmed that the log(L X /L BOL )∼-7 relation applies down to log(L BOL ) ∼ 38 erg s −1 (corresponding approximately to spectral type B1III-V) although with a large dispersion (σ of 0.4 dex, or a factor of 2.5). Cohen et al. (1997) further showed a steep decrease in X-ray luminosity (with log(L X /L BOL ) reaching -8.5 at B2) and a softening of the emission for fainter stars. At the same time, studies of O+OB binaries revealed enhanced X-ray luminosities for these objects, attributed to the collision between the two stellar winds (Chlebowski 1989) . No such enhancement was reported for B+B binaries (even early-B binaries) but such systems were much less studied than O+OB binaries.
In recent years, many star clusters were observed by XMM-Newton or Chandra, often for detailed studies of the PMS population or the diffuse emission (e.g. Güdel et al. 2007; Townsley et al. 2003) . Only a few of these clusters harbor a significantly large number of O stars, which is required for statistical studies of their X-ray properties. The O star data also often had limited signal-to-noise, preventing a full spectral analysis of the X-ray emission. In the favorable cases, estimates of the X-ray luminosities appeared compatible with the log(L X /L BOL )∼-7 relation, although a large scatter was often present due to limited knowledge of the stellar content (Nazé et al. 2008; Wang et al. 2008) . Some rare, peculiar objects were overluminous in X-rays, as exemplified by the Orion Trapezium (Stelzer et al. 2005) . Only in a few cases could in-depth studies of the L X − L BOL relation be performed. These analyses relied on a precise knowledge of the cluster's stellar content and detailed stellar properties (multiplicity, reddening, bolometric luminosity, and X-ray spectrum). They revealed a rather tight L X − L BOL relation (e.g. NGC 6231, Sana et al. 2006, and Car OB1, Antokhin et al. 2008) . Only a few O+OB binaries were found to be truly overluminous (see also Oskinova 2005) ; X-ray-bright windwind collisions thus now appear to be the exception rather than the rule, although a detailed physical explanation is still lacking.
However, the RASS and cluster samples differed in many ways (see Nazé 2011 , for a full discussion), notably regarding the number of targets analyzed (>200 vs. ∼20), their homogeneity (a mix of different clusters and field stars for the former vs. a single cluster/association for the latter) and the data quality (count rates and hardness ratios vs. detailed spectral analyses). The first attempt to combine both approaches was recently performed by Nazé (2009) . This global spectral analysis of the massive stars detected in the 2XMM catalog confirmed the lack of overluminosities in binaries as well as the large scatter around the L X − L BOL relation for an inhomogeneous population, hinting at differences between clusters.
This very large Chandra program targeting the Carina Complex now constitutes a new opportunity to look at the X-ray properties of a large population of massive stars, with better homogeneity between stars than in the 2XMM sample. This paper aims at more than tripling the number of massive stars analyzed in Carina in the X-ray domain compared to what is available at the present time (Antokhin et al. 2008) . Section 2 will summarize the data characteristics, Section 3 presents the derived L X − L BOL relation, and Sections 4, 5, 6, and 7 discuss the hardness of the spectra, the properties of binaries, the weak wind stars, and the faintest objects, respectively. Finally, Section 8 summarizes our results.
THE DATA
The Chandra Carina Complex Project (CCCP) is described in detail in Townsley et al. (2011) . The source detection process and spectral extractions are described by Broos et al. (2010) and Broos et al. (2011) . Broos et al. also describe the complicated completeness limits of the survey, which vary across the field due to Chandra's changing point spread function, vignetting, and the spatially-complex exposure times across the mosaic.
Parallel to the X-ray data analysis, a list of 70 O-type and 130 B-type stars in the CCCP field of view was compiled from Skiff (2009, see also Gagné et al. 2011 ), a catalog of stars that have been studied spectroscopically in the literature. We concentrate on these OB stars in this paper because their spectral types are known. A discussion of candidate O and B stars, derived from photometric data, is given in Povich et al. (2011) and Evans et al. (2011) . Note that all but 3 of the 130 B-type stars have spectral types earlier than B3; they can thus be considered as hot, massive objects. The 3 later-type B stars are undetected in X-rays; these 3 sources are not discussed thoroughly in this paper.
For a distance of 2.3 kpc, the bolometric luminosities of the catalog objects were generally derived from the known spectral types and SED fitting (Povich et al. 2011 ) using UBVJHKs magnitudes and Spitzer-IRAC photometry. This ensures that the derived values of the bolometric luminosities do not depend greatly on the choice of the extinction law; other systematic errors (due e.g. to the choice of atmosphere models) are <5% (Povich et al. 2011) . In only 17 cases bolometric luminosities were derived from V-magnitudes and bolometric corrections due to the lack of reliable photometry (Povich et al. 2011; Gagné et al. 2011) . Comparisons between the results of the two methods revealed only limited differences (<0.2 dex) between the bolometric luminosities. Povich et al. also derived reddenings from the photometry, leading to estimates of the interstellar absorbing column N H (ISM ). To this aim, we use a gas-to-dust ratio N H /A V = 1.6 × 10 21 cm 2 mag −1 (Vuong et al. 2003; Getman et al. 2005) and R V = 4. Such a value of R V is adapted to the choice of a 2.3 kpc distance (Walborn 1995) ; it also provides the best fit for the photometry of O and B stars (Povich et al. 2011) . Photometric uncertainties and star-to-star variations in extinction yield errors <20% in bolometric luminosities (Povich et al. 2011 ), but we acknowledge that a large scatter exists around the total-to-selective absorption, the used value being only the best currently available. The binary status of 15 O-type stars was obtained from Rauw et al. (2009, spectroscopic binaries) and Nelan et al. (2004, mostly visual binaries) . Note that we used the same spectral type for QZ Car as Parkin et al. (2011) . Four additional B stars are catalogued as binaries, because they appear as such in Nelan et al. (2004) or are listed as B+B in the Skiff (2009) catalog used for collecting spectral types.
This massive star catalog was first crosscorrelated with the CCCP list of X-ray sources (Broos et al. 2011) and then used to directly explore the X-ray data at the positions of the hot stars (Gagné et al. 2011) . In total, 129 matches were found (Table 1) , or about 65% of the objects in the Skiff-based catalog of OB stars (see above). Carina's three Wolf-Rayet stars and the luminous blue variable η Carinae were also detected in the CCCP; they are mentioned in Townsley et al. (2011) . Two O stars, 66 early-B stars, and the 3 late-B stars mentioned above re-main undetected in the CCCP. This is consistent with the average completeness limit of this survey, log L X ∼ 30 (Broos et al. 2011) . Indeed, with a typical log(L X /L BOL ) of -7 and minimum bolometric luminosities of log L BOL ∼ 38.2, all O-type stars are expected to be detected with such a limit and even to display enough counts for at least a rough spectral analysis. On the contrary, most B stars have much lower bolometric luminosities and log(L X /L BOL ) ratios. The low detection rate in their case is therefore unsurprising; only the earliest-type and brightest objects could thus be analyzed here (see Evans et al. 2011 for more details on the faintest, undetected B stars).
Spectral Fitting
X-ray spectra were automaticaly extracted for all X-ray sources. Whenever several observations of the same target were available, the individual spectra were merged (but note that the far off-axis observations of QZ Car reported by Parkin et al. 2011 were not included in this study). Spectral fitting was done on the grouped spectra (grouped such that each spectral bin displays at least a signal-to-noise ratio of 3) of the 78 O and B sources which displayed at least 50 net counts. We arbitrarily split the sources in two groups: reliable if the source has at least 100 counts (which is the case for 29 single O stars, 13 O+OB binaries, and 10 B stars, see Table 1 ), and somewhat reliable if the source has 50-100 counts (true for 16 single O stars, 2 O+OB binaries, and 8 B stars). Errors are indeed larger for objects of the second group (see Table 2 ). The fitted models were of the form tbabs 1 × tbabs 2 × 1or2 1 apec. The tbabs components represent neutral absorptions (Wilms et al. 2000) ; the first one is fixed to the intervening interstellar column and the second one accounts for potential additional, circumstellar absorption. The small number of counts and the limited sensitivity at low energies prevented us from using more sophisticated wind absorption models. The last part of the model corresponds to the emission from one or two optically-thin thermal plasmas (Smith et al. 2001) . The second thermal plasma component was added only if necessary, i.e., if it led to a significant improvement in the χ 2 of the fit. The abundances were always kept to solar because the sources generally have too few counts to ascertain abundance variations. Table 2 provides the fitting results. Column (1) shows the X-ray source name, while Columns 2-4 give the observed basic source properties: the number of net counts in the 0.5-8.0 keV band together with their associated 68% confidence intervals, the photon flux (net counts divided by the mean effective area and the exposure time), and the median energy of the recorded counts (Broos et al. 2011) . The next columns provide the fitting results themselves: the reduced χ 2 , the number of degrees of freedom, the absorbing columns (interstellar then circumstellar), the temperatures and emission measures of each thermal component, and finally the observed fluxes in the 0.5-10.0 keV energy band (these energy boundaries were chosen to ease comparison with other, previous L X − L BOL studies). For each fitted parameter, the lower and upper limits of the 90% confidence intervals are listed as indices and exponents, respectively (if the limit is not explicitely noted, the parameter should be considered as unconstrained in that direction). Note that for the fluxes, these errors (estimated using the Xspec command flux err) are only indicative as they do not fully or correctly take into account the spectral model uncertainties and/or the correlations between spectral parameters.
Histograms of the temperatures and absorbing columns were derived from the best-fit values (Figure 1) . The results are similar to those of Nazé (2009): for O-type stars, the favored kT is about 0.2-0.6 keV, a second temperature of about 2 keV is sometimes necessary, and there appears to be a significant additional (circumstellar) absorbing column of about 4×10 21 cm −2 . When two temperatures are needed to fit a spectrum, the hotter component is of reduced strength compared to the main, "cool" component. Note that the value of the additional absorbing column does not show any dependence on the bolometric luminosity of the associated star. For B-type stars, no additional absorbing column is needed, but the dominant temperatures are higher.
Due to their high count rates, photon pile-up may affect four sources in the O and early-B population (Broos et al. 2011) : HD 93129A, HD 93205, HD 93206, and HD 93250. We ignore the mild pileup of HD 93403. In this paper, the spectral fitting for these sources was performed on reconstructed spectra (see Broos et al. for details on the recon-struction method). Additional fittings performed on individual X-ray spectra of these bright objects are presented in Parkin et al. (2011, QZ Car) and Gagné et al. (2011, other massive stars) .
Comparison with Previous Studies
Ten sources are in common with the Chandra analysis reported by Evans et al. (2004) ; except for the two known variable stars (HD 93250, see Rauw et al. 2009, and Tr16 MJ 496, described below) , their observed fluxes agree with ours to within the errors (which are of the order 10-20%). For completeness, we can also compare our results with the XMM-Newton study of Antokhin et al. (2008) . Sixteen of their stars (excluding the O+OB binaries and close pairs such as HD 93129AB and HD 93161AB) are in common with our survey. However, there is not an exact one-to-one scaling when comparing the observed fluxes of these sources (see Figure 2) . This difference appears especially important for 3 objects: HD 303308 (O4V), Tr14 MJ 127 (O9V), and Tr14 MJ 181 (B1.5V). These flux differences may be explained in several ways: energy band boundaries, crowding, variability, and exposure lengths. First, Antokhin et al. (2008) uses a soft boundary of 0.4 keV while we used 0.5 keV. This can explain why Antokhin's fluxes are systematically higher than ours (but this cannot explain a factor of 2 difference). Also, Chandra, which has better spatial resolution than XMM-Newton, can distinguish close neighbors more easily, again making the XMM-Newton X-ray luminosities systematically overestimated. For example, HD 93129AB was seen as a single source in XMM-Newton, while the two components are here clearly separated, with additional, fainter close companions detected. However, crowding is not the only cause for the difference, as sources without any detectable companions are still much more luminous in Antokhin's data (e.g. HD 303308, Tr14 MJ 181). Variability may also cause brightness differences. If the X-ray emission of the B-star Tr14 MJ 181 is magnetic in origin (X-rays from a PMS companion or a corona intrinsic to the star), flares should be quite common, though none is detected in our data. Finally, the exposure and sensitivities are quite different in the XMM-Newton and Chandra datasets. On average, the exposure and sensitivity were lower for Chandra; the low number of counts certainly explains the scatter of the hard flux (in the 2.5-10.0 keV band) but this can also be true for a few particularly faint objects (e.g. Tr14 MJ 127, LS 1897). There is thus no single explanation for the observed flux differences between Antokhin's work and ours.
Comparing the final X-ray luminosities (corrected for interstellar absorption) and the associated L X − L BOL ratios to the values from Antokhin et al. (2008) is even more complicated. First, the interstellar columns are different, as we did not choose the same gas-to-dust ratio and R V ; with a larger assumed distance (increasing luminosities by 20%) and interstellar columns increasing by 15% in Antokhin et al. because of the changed gas-to-dust ratio alone, the absolute values of the absorption-corrected X-ray luminosities from Antokhin et al. are expected to differ from our values. Second, the bolometric luminosities were derived in a very different way, also leading to differences. As a result, Antokhin et al. find an average log(L X /L BOL )=-6.58, i.e., a value larger by about 0.7 dex compared to that derived from our data (see next section).
It is interesting to note that, using R V = 3.1 and deriving the bolometric luminosities from V magnitudes, our data yield log(L X /L BOL )=-6.99. The choice of a given calibration therefore clearly affects the absolute value of the L X − L BOL ratio and one should not simply compare the values of these ratios given in different studies. Only homogeneous studies of global samples, such as done in Berghöfer et al. (1997) or Nazé (2009) , can be used for such purposes. However, as our dataset is homogeneous in itself (same instrument and similar completeness limit throughout the field-ofview), its results can be seen as self-consistent and a comparison between different objects studied in this paper is feasible. Table 3 summarizes the main properties of the brightest sources (those with >50 recorded counts). The first two columns give the X-ray source name and the stellar identification. They are followed by the spectral type (Column 3), the binary status (Column 4), the bolometric luminosity (Column 5 -columns 2-5 are reproduced from the stellar catalog by Povich et al. 2011; Gagné et al. 2011) , the X-ray luminosities in four energy bands (defined below, Columns 6-9), and the L X − L BOL ratios in the same energy bands (Columns 10-13). Note that the X-ray luminosities were corrected by the interstellar absorption only (this enables us to compare the actual X-ray throughput of massive stars and eases the comparison with other studies, as the circumstellar absorption is not always taken into account in the same way). The luminosities are given in the 0.5-10.0 keV ("total"), 0.5-1.0 keV ("soft"), 1.0-2.5 keV ("medium"), and 2.5-10.0 keV ("hard") energy bands. Most of the X-ray emission of massive stars is emitted in the soft and medium bands, the former being more sensitive to absorption effects; the relative strength of these two bands is also an indication of the softness of the emission. Hot stars generally emit few X-rays in the hard band and the corresponding fluxes therefore show large uncertainties. However, this band is useful for detecting peculiar phenomena such as magnetically-confined winds or colliding winds (in which cases the hard X-ray flux is enhanced). These phenomena will be explored below.
Averages (X = X i /N ) and dispersions (σ = (X i − X)/(N − 1)) of the log(L X /L BOL ) ratio were evaluated for several different samples of objects. No weighting was applied and comparisons of the means were made following the methods outlined in Lindgren (1968, Chapter 7. 3) and for a significance level of 1%. Table 4 and Figure 3 summarize the results. We emphasize again that the X-ray luminosities quoted here are corrected only for the interstellar absorbing column and that the hard X-ray fluxes are unreliable due to the small count rates at such high energies for most of our X-ray sources.
O Stars
As usual, the O-type stars show a clear L X − L BOL correlation, with similar results regardless of the sample chosen (i.e., >100 counts vs. 50-100 counts). Only 3 stars strongly deviate from the average behavior (Figure 3 ): HD 93250, HD 93403, and Tr16 MJ 496 (also known as Tr16 22). The first star is a suspected binary, due to the presence of non-thermal radio emission theoretically expected to arise in wind-wind collisions and to the detection of large X-ray variations (Rauw et al. 2009 ). However, the signature of the companion has never been directly detected (see Rauw et al. 2009 , and references therein). The second star is a known binary, whose X-ray emission, monitored by XMM-Newton, shows clear signs of a wind-wind collision (see Rauw et al. 2002 , for a full analysis of the phenomenon).
The third object was also identified as overluminous (and variable) by Antokhin et al. (2008) , and its emission appears quite hard for an O star (see below), suggesting a mechanism other than the usual wind-shock process. In such cases, two possibilities exist: wind-wind collisions and magnetic wind confinement. Although radial velocity variations may have been detected (Combi et al. 2011) , the former mechanism is not favored since such a large overluminosity (>1 dex) is neither observed nor theoretically expected in late-type O+OB colliding wind binaries. Tr16 MJ 496 could thus be a magnetic object that might resemble θ 1 Ori C (Gagné et al. 2005) ; additional spectropolarimetric data and multiwavelength monitoring are needed to confirm this hypothesis. In summary, in all three cases, the detected overluminosities at high energies confirm previous observations and can be explained by X-rays generated in colliding winds or magnetically-confined winds in addition to the intrinsic, wind-shock emission.
Discarding these 3 sources from the log(L X /L BOL ) average yields a final log(L X /L BOL ) of −7.26 and a dispersion of only 0.2 dex (Table 4) , quite similar to that found in NGC 6231 once its two binaries with X-ray-bright wind-wind collisions have been discarded (Sana et al. 2006) . This confirms that the L X − L BOL relationship is quite tight for a homogeneous population of stars; the observed scatter in log(L X /L BOL ) found from large samples (Berghöfer et al. 1997; Nazé 2009 ) is thus clearly due to the inhomogeneity of the stellar populations in these samples. To study further the L X − L BOL relationship, we have compared different stellar groups (Table 4 ). There are no clear, significant differences (at the 1% level) in L X − L BOL ratios for stars of different luminosity class, as was notably claimed by Albacete Colombo et al. (2007) for Cyg OB2 (considering however that the number of O supergiants is too low for providing statistically meaningful results). Neither were there significant differences (at the 1% level) in L X − L BOL ratios for stars of different spectral types or of different luminosities (except for the faint vs. medium-bright objects in the medium energy band). Compiling single O stars belonging to the clusters Tr14 and Tr16/Cr232 using Cudworth et al. (1993) , Table 1 from Walborn (1995) , Table 3 (Table 4) . However, the difference in log(L X /L BOL ) is not formally significant (at the 1% level) and only hints at potential differences between clusters, as was already reported in Nazé (2009).
B Stars
On the other hand, the B stars detected with more than 50 counts show no strong correlation between X-ray and bolometric luminosities (Figure 3 ) and larger dispersions than for O stars are measured in all bands (Table 4) . In all cases, the L X − L BOL ratios are larger than that of O stars, especially for the medium energy band (e.g. log(L X /L BOL )= -6.9..-7.4 vs -7.84 in that band). A possible trend towards higher soft X-ray luminosities for more luminous objects is seen in the soft band (with a similar slope as for O-type stars). In contrast, the medium-band X-ray luminosities appear rather constant, with even a shallow decrease towards higher bolometric luminosities ( Figure 3) . A similar situation is seen at the highest energies, although there are now a few outliers (most probably due to the low number of hard photon counts recorded for these objects). However, only 17 B stars were bright enough to be used for the L X − L BOL analysis, while 45 single O stars spanning the whole range of bolometric luminosities were available in the previous section. The poor statistics definitely require a confirmation of our results with a larger number of objects (see e.g. Nazé 2009), notably those of lower luminosity, where significant incompleteness biases can arise.
ADDITIONAL CORRELATIONS
We also checked for additional correlations besides how L X − L BOL varies with different stellar subgroups. We remind the reader once again that the X-ray luminosities quoted here are corrected only for the interstellar absorbing column, that the hard X-ray fluxes are unreliable due to the small count rates at such high energies for most of our Xray sources, and that only few B stars had enough counts to be analyzed spectroscopically.
First, we investigated the log(L X /L BOL ) dependence on the bolometric luminosity ( Figure 4 ). For O stars, there is essentially no trend; the log(L X /L BOL ) relation is thus well-constrained to a constant, as seen in the previous section.
One can also look at the evolution of the dispersion around that constant, in the case of single objects but excluding the well-known problematic cases of HD 93250 and Tr16 MJ 496. The dispersions for early-type (O2-O5.5), mid-type (O6-O8), and late-type (O8.5-O9.7) stars were compared using F-tests. While early-and mid-type stars display very similar dispersions, that of the late-type stars appears significantly different (at the 1% level), but only in the medium energy band. It could be interpreted as a hint that the weaker stellar winds of late-type stars could be more affected by magnetic confinement than those of early-and mid-type stars 1 ; harder, additional X-rays could then contribute to the total highenergy emission when the magnetic field is sufficiently strong, leading to a larger scatter in the medium energy band. Since the stellar winds of 1 Using the stellar properties of for O5.5, O7, and O9.5 main-sequence stars, a massloss rate derived from these parameters using the recipe of Vink et al. (2000) , and a terminal velocity of 2000 km s −1 , the magnetic confinement parameter η (ud-Doula & Owocki 2002) reaches the critical unity value for magnetic fields that are 35 G for late-O stars and four times larger, 150 G, for early-type stars: it is thus easier to confine the wind from late-type stars. Similar conclusions are reached when comparing O9.5 supergiants, giants, and main-sequence objects; the magnetic field requirements in this case are 35 G for the latter and 60 G for the former. Note that we did not attempt a refined test, splitting stars into groups of similar spectral types and luminosity classes since the O stars in Carina are too few in number to provide a meaningful result in that case.
hot stars are well-known to be radiation-driven, looking at the dispersions as a function of bolometric luminosity should confirm the above trend (i.e., lower luminosity objects should display a larger dispersion in their log(L X /L BOL )). This is not the case, however, as the difference totally disappears: using two luminosity bins, quasi-identical results are found for stars with log(L BOL ) above and below 38.5; using three luminosity bins, the largest dispersion is only detected for the total band and the brightest stars (log[L BOL ] > 38.75).
With such contradictory results, we cannot claim to detect a larger impact of the magnetic confinement on the late-O stars of lower luminosity. This correlates well with the findings by polarimetric surveys of only a few O stars with strong magnetic fields, hence few objects with winds affected by magnetic confinements (see e.g. Güdel & Nazé 2009 and references therein).
For the B stars detected with more than 50 counts, a tight relationship is seen between log(L X /L BOL ) and the bolometric luminosity, especially in the total and medium energy bands ( Figure 4 ). Correlation coefficients in those energy bands reach at least −0.91, and the linear fits yield slopes compatible with minus unity. This may simply reflect the fact that the X-ray luminosity of these B stars appears rather constant with respect to the bolometric luminosity, as already noted in the previous section. The average (log) X-ray luminosities (and their associated dispersions) are 31.16±0.13 in the total band and 30.68±0.20 in the medium band considering all single stars and 31.21±0.14 and 30.78±0.17, respectively, considering only the single B stars with >100 cts. We caution however that such luminosities are close to the brightness limit for spectral analysis (the average detection limit is ∼ 10 30 erg s −1 , and 50 counts are needed for a rough spectral analysis). Clearly, a more extensive and sensitive study is needed to confirm the nearly constant luminosity of these B stars (see also Section 7 below).
As mentioned in the introduction, the X-ray emission of B stars, since it is observed only for a small fraction of objects, may not be linked to the B-star itself but to a close PMS object, either a physical companion or a line-of-sight coincidence in dense clusters (see also Evans et al. 2011 , for more on this subject). Indeed, when flaring, such PMS stars often reach 10 30 erg s −1 and even in some rare cases 10 31 erg s −1 (Güdel & Nazé 2009 ). The observed luminosity of the X-ray-brightest B stars in Carina is thus compatible with the maximum luminosity of flaring PMS stars. Since such luminosities are only reached during flares, we should detect a strong variability of our sources if their X-ray emission is due to PMS flaring, but the lack of counts prevents us from deriving lightcurves for all objects. Also we do not see any clear connection between a high X-ray luminosity and flares even when flares are detected (for more details, see Gagné et al. 2011 and Evans et al. 2011 ). In addition, the hard spectra of B stars appear compatible with the PMS scenario but in some peculiar B stars, magnetic phenomena can also produce hard X-ray emission (see the case of σ Ori E Sanz- Forcada et al. 2004; ud-Doula et al. 2006 ). Finally, it should be noted that a gradual transition of behaviors is observed between late-O stars and the brightest, earliest B stars (see below). This could therefore advocate for an intrinsic source of X-rays in (at least some) early B stars, such as embedded-wind shocks for the earliest ones and magnetically-confined winds for some others.
Hardness Ratios
A second analysis involved the hardness ratio, defined as the ratio of the medium to soft (unabsorbed) X-ray luminosities ( Figure 5 ). In the B stars, this ratio appears at 0.3-0.4 dex for most objects; it corresponds to the ratio of a plasma with a temperature of >1.5 keV in the absence of absorption. This value is clearly above the average ratio for O stars, but it should be noted that the brightest objects have a lower ratio which is quasi-identical to that of late-O stars. Looking at this ratio as a function of spectral type or luminosity class confirms the trend. The earliest B stars (B0) display low hardness ratios (i.e., the X-ray emission is soft) compared to their slightly later (B1-B2) counterparts; a similar trend is seen when comparing supergiant B stars with their mainsequence counterparts. Note however that the number of B stars bright enough to yield a usable spectrum in the CCCP is low, and that this may blur the trends -indeed, the three supergiant B stars are all of type B0.
Concerning O stars, there appears to be no trend with luminosity class, and the relation with spectral type appears scattered (the only conclusion being that low ratios are not favored in the case of the earliest O stars). However, an overall shallow trend appears when hardness ratio is plotted versus the bolometric luminosity. Indeed, except for a few faint stars (for which the 1.0-2.5 keV fluxes are uncertain, see crosses in Figure 5) and the peculiar Tr16 MJ 496, harder Xray emission seems to correlate loosely with higher bolometric luminosities. However, the correlation coefficient is far from being significant due to the large scatter. In the framework of the wind-shock model, there may be two possible causes for this shallow trend. First, this could be an absorption effect. The brightest stars have stronger, hence more dense, stellar winds, which can lead to a larger intrinsic absorption and therefore a harder appearance of the spectrum. Our fits provide estimates of the circumstellar absorption, but its correlation with hardness ratio again seems quite shallow and scattered, thus not formally significant ( Figure 6 ), and as already mentioned in Section 2.1, there is no trend whatsoever between this additional column and the bolometric luminosity. Second, Walborn et al. (2009) detected (1) a larger ionization of the plasma in early-type stars (implying a hotter plasma) and (2) a shift of the overall spectral distribution towards lower energies for late-type stars. These trends, if confirmed, would also be compatible with a higher hardness ratio towards larger bolometric luminosities. Without detailed hydrodynamic simulations and better statistics, it is still unclear whether the hotter plasma, the higher absorption, or a combination of both effects is the cause of this shallow trend.
Finally, as the X-ray emission from hot stars originates from their stellar winds, correlations of the hardness ratios with wind parameters should be investigated. As reliable, homogeneous massloss rates are unavailable for our sample stars, we used only the terminal wind speeds from Howarth et al. (1997) . Ten O-type stars are in common between Howarth's catalog and this survey. Again, a shallow trend (in the sense of harder emission for faster winds, see Figure 6 ) may be present but the scatter is large and the trend detected by eye is clearly dominated by the two extreme stars, HD 93027 (low v ∞ , low hardness ratio) and HD 93129A (high v ∞ , high hardness ratio), casting doubt on its existence.
In any case, what seems obvious from the different tested relationships is that the brightest and earliest B stars behave like the faintest and latest O stars and that there is a gradual transition towards B stars of later types (B1-B2). This continuum of behaviors could be explained by windshock emission essentially vanishing below bolometric luminosities of about 10 38 erg s −1 , where another mechanism of X-ray production, probably magnetic in nature, dominates.
BINARIES
We will here discuss only O+OB systems since no B+B binary had enough counts for a spectral study.
As can be seen from Table 4 and Figure 3 , the L X − L BOL ratios of O+OB binaries appear quite similar to those of single O stars, with the exception of the bright system HD 93403 (a known colliding-wind binary, see Rauw et al. 2002) . This general lack of strong overluminosity was already found in Oskinova (2005) , as well as for most binaries of NGC 6231 (Sana et al. 2006) , Carina OB1 (Antokhin et al. 2008) , and the 2XMM survey (Nazé 2009 ). It is confirmed here for the known massive binaries in the Carina Nebula. Thus there appear to be only a few exceptional systems where the collisions are X-ray-bright, the impact of wind-wind collision being small in most systems. Nevertheless, binaries and single objects are not 100% equal. First, their average temperatures (< kT >= kT i × norm i / norm i ) are slightly larger (for 1T fits: 0.47 keV vs. 0.55 keV for singles and binaries, respectively, for 2T fits: 0.71 keV vs. 0.83 keV for singles and binaries, respectively) but the differences are not significant (at the 1% level), due to the large dispersion in average temperatures (up to 1 keV!). Second, it must be noted that, whatever the energy band, the log(L X /L BOL ) values of binaries are systematically larger than those of single stars (as can be seen by looking at rows 4-5 vs. rows 9-10 of Table 4 ). However, except for the medium energy band (which is hard enough to be potentially affected by some wind-wind emission), the differences are again not formally significant (at the 1% level).
Additional relations were also searched for in O+OB binaries, notably between log(L X /L BOL ) and the binary properties (total bolometric luminosity, eccentricity, period, semi-major axis; see Figure 7 ). The most obvious trends are larger log(L X /L BOL ) ratios for longer periods, combined bolometric luminosity, or larger separation. However, these trends are clearly dominated by HD 93403, the only known binary in the survey with period P > 10 days (the second binary of the QZ Car system has a period of 20 d, but the X-ray emission of QZ Car cannot be related exclusively to that system; see Parkin et al. 2011) . Adding the binaries of NGC 6231 (Sana et al. 2006) totally blurs the picture. Indeed, for a large sample, Nazé (2009) found no strong relation (i.e., a very large scatter) between log(L X /L BOL ) and binary periods. Finally, while HD 93403 stands out with its slightly harder emission and rather long period, the hardness ratios of the other O+OB binaries do not seem to correlate with their periods. The small impact of wind-wind emission in the X-ray range can be qualitatively explained by two reasons. First, the winds collide at low speed in close binaries whereas the collision in wide systems is adiabatic, hence emitting few photons; there is thus a small region of parameter space where the conditions are just right for getting an X-ray-bright wind-wind collision -this would be the case for HD 93403. Second, it now seems difficult to get ram pressure balance in many systems where the wind momenta of the components are very different; in most cases, modeling shows that the stronger wind crashes onto its companion (Pittard & Parkin 2010) . To test these ideas quantitatively, comparisons of similar stellar pairs with, e.g., different periods are needed. However, although the Carina Nebula contains many objects, there are not enough cases of binaries to perform such a study.
WEAK-WIND OBJECTS
The weak-wind problem in hot stars is twofold. On the one hand, some weak-wind stars have lower mass-loss rates than other stars of similar spectral type; on the other hand, other weak-wind stars have lower mass-loss rates than what atmosphere models predict. To explain the weakness of the winds, high X-ray luminosities have sometimes been invoked as they can modify the wind ionization, hence the efficiency of the wind acceleration Marcolino et al. 2009 ).
In our survey, six stars of the peculiar Vz type (Walborn 2009 ) have been detected: HD 93128, HD 93129B, CPD -58
• 2611, CPD -58
• 2620, HD 303311, and FO 15.
Adding HD 93028 and possibly HD 93146 from , this makes 8 stars with potential "weak-wind" problems. In our dataset, these 8 objects display normal total X-ray luminosities. A similar conclusion was found for HD 46202, the only other weak-wind object which has been recently re-observed in X-rays: while old Einstein data seemed to imply a large log(L X /L BOL )=-6, with a large impact on the ionization structure hence the wind propulsion , Chandra observations show the star to have log(L X /L BOL )=-7 (Wang et al. 2008) . Such "canonical" X-ray luminosities are probably insufficient to induce some wind-decreasing effect (log(L X /L BOL )=-3.5 might be necessary, see Marcolino et al. 2009 ). It is however interesting to note that the log(L X /L BOL ) values in the soft and medium bands generally differ by 0.2-0.4 dex (see Table 4 ; only the supergiant O stars have a smaller difference but the sample size is just 2 objects), while this difference amounts to 0.6 dex in these 8 stars. The X-ray emission of these potential "weak-wind" stars thus appears softer than the other stars of our sample although this is not a significant result (at the 1% level, Figure 8 ).
THE FAINTEST DETECTED O AND B STARS
With at most 50 counts, the faintest O and B stars (8 O stars, 41 single B stars, and 2 B+B binaries) detected in this survey could not be analyzed spectroscopically on an individual basis. Stacking the data yields a composite spectrum for the single O stars detected with <50 counts and a separate composite spectrum for the single B stars detected with <50 counts. Stacked spectra are always dominated by the strongest of the X-ray sources that were stacked, but we note that only about 10% of these faint OB stars have substantially fewer counts than the others of the same category, limiting the consequences of stacking. These combined spectra were fitted by models similar to those described in Sec-tion 2 for individual stars, using an average interstellar column of 2.6×10 21 cm −2 for the O stars and 2.2×10 21 cm −2 for the B stars (which corresponds to the average interstellar column for these two stellar groups). The parameters of the fits can be found at the bottom of Table 2 . These fits permit to find the conversion factor between photon fluxes and (unabsorbed) energy fluxes in the total band (the most reliable since it has the maximum number of counts): a unit photon flux corresponds to absorption-corrected energy fluxes of 4.05×10 −9 erg cm −2 s −1 for O stars and 2.98×10 −9 erg cm −2 s −1 for B stars. We then assume that the spectral parameters obtained from fitting the composite spectrum can be applied to each faint source individually. Table 5 provides the X-ray source name and the stellar identification (Columns 1 and 2), the spectral type (Column 3), the binary status (Column 4), the number of net counts in the 0.5-8.0 keV band together with their associated 68% confidence interval (Column 5), the photon flux (Column 6), the median energy of the recorded counts (Column 7), the bolometric luminosity (Column 8), the absorption-corrected X-ray luminosity in the total energy band (Column 9), and the L X − L BOL ratio in the same energy band (Column 10). Columns 5-7 are reproduced from the CCCP catalog (Broos et al. 2011) , columns 2-4 and 8 from the stellar catalog (Povich et al. 2011; Gagné et al. 2011) . Figure 9 graphically illustrates the results. Error bars were estimated using the relative errors on the net counts; they are shown for demonstration purposes only (they are no perfect estimates of the actual errors since they do not take into account the modeling errors).
For O stars, the 8 faint objects, all of late spectral type, clearly follow the L X − L BOL relation traced by the brighter stars, confirming the above results. For B stars, however, the 41 faint stars do not behave as the other objects although all are of early-B spectral types (B0-B2). With similar bolometric luminosities but much lower Xray luminosities, the faint objects simply populate the bottom part of the graphics. Although log(L X /L BOL ) still decreases with bolometric luminosity, it is obvious that the X-ray luminosity is thus not a constant for the majority of B stars. The B stars described in the above sections simply correspond to the tip of the iceberg, i.e., the X-ray-brightest cases. This range in X-ray luminosity implies a variety of emission processes in B stars; stellar winds and magnetic fields of various strengths, as well as different PMS companions in various states of flaring, could explain this variety of behaviors.
Note that the same conversion factors were used to derive upper limits for the 71 undetected sources. Table 6 provides the position and the stellar identification of the source (Columns 1-3) , the spectral type (Column 4), the binary status (Column 5), the upper limit on the number of net counts in the 0.5-8.0 keV band (Column 6), the upper limit on the associated photon flux (Column 7), the bolometric luminosity (Column 8), the upper limit on the absorption-corrected X-ray luminosity (Column 9), and the upper limit on the L X −L BOL ratio in the total energy band (Column 10). These upper limits correspond to the upper limit of the 68% confidence interval, i.e., they are ∼ 1σ upper limits. It is interesting to note, however, that the upper limit on the L X −L BOL ratio is quite low for the two undetected O-type stars, being at least 1 dex below the average value. Without better knowledge of these two stars, this surprising result remains unexplained. The case of the undetected B stars is discussed in more detail in Evans et al. (2011) .
SUMMARY AND CONCLUSION
The CCCP has detected the X-ray emission of 129 OB stars in the Carina Nebula (or about 65% of the massive stars present in the field-ofview) . Among these, 78 sources display enough counts to be analyzed spectroscopically, at least roughly, and our Chandra observations therefore triple the number of massive stars studied in the Carina Nebula.
L X − L BOL ratios (where X-ray luminosities are corrected for ISM absorption) were estimated for a large number of different cases. For single O-type stars, log(L X /L BOL ) is found to be -7.26 with a very small dispersion (0.2 dex). There are only three clearly X-ray-overluminous objects: the binary HD 93403 and the putative single stars HD 93250 (a binary candidate) and Tr16 MJ 496 (a magnetic candidate?). No significant differences (at the 1% level) in the ratio values are found when comparing single stars and binaries (although the ratios are systematically slightly larger for binaries, whatever the energy band considered), bright and faint stars, early and late stars, or mainsequence stars, giants, and supergiants. A trend of harder X-ray emission for the brighter stars is detected, but with a lot of scatter. Weak-wind stars appear to emit similar amounts of X-rays compared to "normal" O stars, but their X-ray emission may be slightly softer in character.
For the few X-ray-bright B stars (i.e., those with >50 counts), the X-ray luminosity appears rather constant in the total and medium energy bands, and the spectra are harder than for O stars. When looking simultaneously at O and B stars, it seems that there is a soft transition from the latest-O to the X-ray bright, earliest-B stars. This may suggest that, for these few X-ray bright B-stars, an emission mechanism declines towards lower luminosities (the wind-shock model) while another one takes the lead (magnetic confinement?).
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Facilities: CXO (ACIS). Table 3 Summary of sources' properties. 85 -7.30 -7.42 -7.90 -10.12 Table 3-Continued Note.-Note that the X-ray luminosities have been corrected for the insterstellar absorption only (see text). Tr16, all single exc. 14 −7.24 ± 0.15 −7.42 ± 0.22 −7.84 ± 0.24 −9.68 ± 1.34
Tr14, all single exc. 6 −7.10 ± 0.06 −7.25 ± 0.10 −7.72 ± 0.28 −9.38 ± 0.83 all, single exc., O2-5.5 9 −7.25 ± 0.22 −7.50 ± 0.33 −7.71 ± 0.18 −9.15 ± 0.65 all, single exc., O6-8 18 −7.26 ± 0.20 −7.41 ± 0.25 −7.89 ± 0.16 −9.49 ± 1.03 >100cts, single exc., O6-8 13 −7.25 ± 0.20 −7.41 ± 0.24 −7.84 ± 0.16 −9.14 ± 0.79 all, single exc., O8.5-9.7 16 −7.26 ± 0.22 −7.46 ± 0.24 −7.86 ± 0.30 −9.48 ± 1.32 >100cts, single exc., O8.5-9.7 5 −7.23 ± 0.21 −7.44 ± 0.11 −7.85 ± 0.34 −9.20 ± 1.50 all, single exc., log(L X ) > 38.5 28 −7.28 ± 0.21 −7.46 ± 0.28 −7.85 ± 0.21 −9.38 ± 0.81 all, single exc., log(L X ) < 38. Note.-Note that the X-ray luminosities have been corrected for the insterstellar absorption only (see text). Note.-Note that the X-ray luminosities have been corrected for the insterstellar absorption only (see text).
